The most effective way to limit myocardial ischemic necrosis is reperfusion, but reperfusion itself may result in tissue injury, which has been difficult to separate from ischemic injury. This report identifies elements of apoptosis (programmed cell death) in myocytes as a response to reperfusion but not ischemia. The hallmark of apoptosis, nucleosomal ladders of DNA fragments (-200 base pairs), was detected in ischemic/reperfused rabbit myocardial tissue but not in normal or ischemic-only rabbit hearts. Granulocytopenia did not prevent nucleosomal DNA cleavage. In situ nick end labeling demonstrated DNA fragmentation predominantly in myocytes. The pattern of nuclear chromatin condensation was distinctly different in reperfused than in persistently ischemic tissue by transmission electron microscopy. Apoptosis may be a specific feature of reperfusion injury in cardiac myocytes, leading to late cell death. (J. Clin. Invest. 1994. 94:1621-1628.
Introduction
Persistent myocardial ischemia results in necrosis and scar formation leading to congestive heart failure and death. The most effective method of limiting necrosis is restoration of blood flow; however, the effects of reperfusion itself may also be associated with tissue injury (1) (2) (3) (4) . Reperfusion is associated with polymorphonuclear leukocyte (PMN) accumulation, a burst of oxygen free radical production, activation of inflammation, excessive calcium entry, and possibly late cell death; however, the exact mechanisms whereby free radicals, calcium entry, or inflammation might result in lethal injury are not well defined (5) (6) (7) (8) (9) (10) (11) (12) . Studies using superoxide dismutase and other antioxidants have provided interesting leads, suggesting that the oxidative stress and burst of free radical production associated with reperfusion are important mediators of myocardial damage; however, no clear answers have emerged (13) . In animal models the net benefit of timely flow restoration outweighs the combination of ischemic and reperfusion injury. Research efforts to improve survival in the current era of reperfusion by thrombolysis or angioplasty have therefore focused on limitation of irreversible reperfusion injury which results in additional death of potentially viable tissue. There is no debate that prolonged and severe ischemia alone can kill myocytes by necrosis. However, debate continues over whether the irreversible process culminating in cell death can be initiated by the act of reperfusion itself.
Apoptosis is a physiologic process for disposing of senescent or unwanted cells through self-destruction. For example in immune development deletion of autoreactive T cells, thymic involution, embryologic remodeling, and prostatic regression after androgen withdrawal are all examples of the apoptotic process (14) (15) (16) (17) (18) (19) . In mature organisms, apoptosis as a manifestation of programmed cell death occurs physiologically in several renewing cell types such as intestinal epithelium and leukocytes, where it maintains a balance between cell replication and cell death (18, 19) .
Necrosis and apoptosis are distinct mechanisms of cell death (20) . Ischemic necrosis is characterized by ATP depletion, cell swelling, and loss of cell membrane integrity, whereas apoptosis usually requires energy, and is associated with cell shrinkage and phagocytosis without loss of membrane integrity. The hallmark of apoptosis in intact cells is endonucleolytic digestion of nuclear but not mitochondrial DNA into oligonucleosome-sized fragments (-200 bp multiples), in contrast to nonspecific degradation of DNA into pieces of random size after loss of membrane integrity (17, (21) (22) (23) (24) . Although apoptosis was first described in 1972 (25) on morphologic grounds, it can be difficult to detect apoptotic cells in situ by light microscopy, as the characteristic appearance is transient (minutes to a few hours). It is an inducible phenomenon associated with activation or de novo expression of an endonuclease and expression of cell surface adherence glycoproteins (21, 22, 26, 27) . In some cell types endonuclease activity can be induced by DMSO, calcium ionophore, reactive oxidants, or Ca-calmodulin (21, 28) . Evidence of apoptosis in mature, nonrenewable parenchymal cells after reperfusion implies late cell death that is preventable with important survival implications.
We performed studies to determine if elements of the apoptotic process were induced by reperfusion in cardiac myocytes. We found evidence of apoptosis unique to reperfusion injury but not in ischemic injury alone. This observation may make it possible to distinguish reperfusion injury from that of ischemia and to assess the contribution of reperfusion injury to infarct size.
Methods
Animal model. All animal procedures were approved by the American Association of Accreditation of Laboratory Animal Care certified institutional animal care committee. New Zealand white rabbits weighing 2.8-3.6 kg were anesthetized with intravenous pentobarbital. Arterial blood gases were kept physiologic and arterial pressure and electrocardiogram were monitored. The heart was exposed through a left thoracotomy and a suture ligature passed around the anterior branch of the left coronary Reperfusion Injury Induces Apoptosis in Rabbit Cardiomyocytes artery so it could be snare occluded and reperfused. Ischemia was induced by snare occlusion and confirmed by visual inspection and the electrocardiogram. After the ischemic intervention the heart was rapidly excised, hung in a Langendorff perfusion mode, the coronary bed flushed with lactated Ringer's solution, and the normal area marked by perfusion with monastral blue dye.
Six groups of animals were studied with ischemia/reperfusion protocols as in Table II to look for 200 bp DNA ladders of apoptosis. For in situ nick translation assay and electron microscopy (EM)' studies, 30 min ischemia and 4 h reperfusion was compared to 4.5 h of continuous ischemia. In the rabbit, 30 min of ischemia followed by reperfusion results in about 50% cell death in the area at risk, and 4.5 h of ischemia leads to complete transmural infarction in the risk zone.
DNA extraction. Hearts were removed from the perfusion device and transmural myocardial samples from completely normal and ischemic areas were isolated using the dye perfusion as a guide, frozen in liquid nitrogen, and stored at -70'C for up to 6 wk. Tissue was minced while thawing under lysis buffer (50 mM Tris pH 8.0, 20 mM EDTA, 1% SDS). Tissue was subjected to a second freeze-thaw and then digested in lysis buffer with 0.1 mg/ml proteinase K for 18 h at 550C with shaking. DNA was phenol/chloroform extracted and 4-6 mg of DNA were electrophoresed on 2% agarose. Cardiac tissue was identified by coded numbers and samples were processed in parallel.
Granulocytopenia. Rabbits were treated with nitrogen mustard 2.7 mg/kg i.v. in two divided doses on days 1 and 3 to cause granulocytopenia and subjected to ischemia and reperfusion on day 5. Control animals for this group were treated with a single dose of 2.7 mg/kg nitrogen mustard 20 min before coronary occlusion, sufficient time for alkylation of DNA before ischemia.
In situ nick end labeling. Hearts were perfusion fixed with 4% paraformaldehyde on the Langendorff apparatus. Paraffin-embedded myocardial sections were mounted on slides. These transverse whole heart sections were carefully kept oriented to mark normal and ischemic areas. Normal and ischemic area orientation was noted on the label and confirmed by monastral blue dye in normal areas. In situ nick end labeling was performed as described (29, 30) with 0.5 /M biotin-14-dATP (Gibco BRL, Gaithersburg, MD), dCTP, dGTP, dTTP (each 5 MM) and 9 U/ml DNA polymerase I (15 min, 37°C). Endogenous peroxidases were inactivated with 0.28% periodic acid. Labeled DNA was detected with streptavidin-peroxidase (30 min, 37°C) and developed with diaminobenzidine/peroxide. (Kierkegaard and Perry Labs, Gaithersburg, MD). Positive controls were prepared by treating selected slides with DNAase I, 0.1 U/ml, before biotin incorporation. Endocardial, midwall, and epicardial thirds were identified on low power and typical areas counted at 250x using a grid. Labeled nuclei were easily identified from the unstained background. We found in pilot experiments that counterstaining led to difficulty in identifying faintly positive nuclei. Mean counts from the normal or ischemic area of a typical transverse section from each animal were transformed as log(counts) + 1 and differences tested by analysis of variance, (i.e., n = animals not sections). All data are mean±SD.
Electron microscopy. Animals were anaesthetized as above and two groups were studied: Ischemia for 30 min and reperfusion for 4 h (n = 4), and 4.5 h continuous ischemia (n = 4). Hearts were postmortem perfusion-fixed with Karnovsky's fixative followed by ligation of the coronary ligature and monastral blue dye perfusion. Tissue from normal and ischemic regions were immersed in Karnovsky's fixative. Midwall samples were cut to 1-mm cubes, post fixed in osmium tetroxide and oriented longitudinally in blocks. Thin sections were mounted and 8-10 grids were scanned and nearly all abnormal myocyte nuclei photographed. Magnification was 10,000 for all photomicrographs. Photographs were printed with brightness and contrast adjustment for uniform sarcomere intensity. All prints were listed by negative number and 1. Abbreviations used in this paper: EM, electron microscopy; HPF, high power field. Table I by one observer and a subset read blindly by a second observer. Concordance between observers was within 2% for mitochondrial and sarcomere classification. Preliminary studies on several hearts revealed two distinct types of nuclear chromatin change. Dense homogeneous condensation with margination of chromatin and central clearing was one pattern (N2) (seen predominantly in persistently ischemic tissue) and the other pattern was variable density chromatin condensation distributed diffusely with less central clearing (N3) ( Table I) . After initial blinded classification, photographs were reclassified by two of us. Agreement with initial classification was 92%; a few photographs were eliminated because of uncertain classification. One animal in the persistent coronary occlusion group was eliminated because all sections showed extensive contraction bands indicating inadvertent reperfusion. Myocytes with normal nuclei and cytoplasm were not included in the analysis.
Results
Detection of apoptosis in myocardium following ischemia and repetfusion. Of seven rabbits subjected to 30 min ischemia and 4 h reperfusion, all showed a typical nucleosome ladder on DNA electrophoresis of tissue obtained from the ischemic left ventricle (Fig. 1, Table II ). Nucleosome ladders were never seen in nonischemic left ventricle or right ventricle in these or any of the rabbit hearts studied. This duration of ischemia results in loss of dehydrogenase activity (triphenyl tetrazolium chloride staining) in about 50% of the ischemic area at risk (31, 32) . Rabbit myocardium subjected to 4.5 h continuous ischemia (n = 5) did not show any nucleosomal cleavage; ischemic tissue did show nonspecific DNA degradation. 5 min of ischemia in the rabbit heart does not result in any cell death; in three animals studied after 5 min ischemia and 4 h reperfusion nucleosomal cleavage was not detected. To further test whether the apoptosis was due specifically to reperfusion, animals (n = 3) were studied after 30 min ischemia only (no reperfusion) and ischemic areas did not show DNA nucleosomal fragmentation. Hemodynamics and heart rate were within physiologic range for this model and not different between groups (Table III) .
Contribution of granulocytes. Granulocytes (PMN) are known to undergo apoptosis (15, 33 changes that suggest some perfusion, e.g., location at the margin of the infarction. Electron dense deposits in mitochondria, a marker for irreversible injury, were found in equal frequency with N2 or N3 nuclear patterns (Table IV) .
No typical apoptotic bodies in myocytes were found. A few PMN did show signs of apoptosis (cytoplasmic concentration, nuclear fragments with condensed chromatin).
Discussion
Our results indicate that terminally differentiated cardiomyocytes die by apoptosis after ischemia and reperfusion, but that apoptosis does not occur during persistent ischemia. The presence of intemucleosomal DNA fragmentation is considered a hallmark of apoptosis; however, it does not provide information about which cell type(s) are undergoing apoptosis. Of blood cells within the heart, only leukocytes undergo apoptosis. Although leukocytes accumulate in ischemic myocardium, and are believed to contribute to the free radical burst observed on reperfusion, apoptosis is observed in cardiac tissue even in profoundly neutropenic animals. This indicates that leukocytes or blood cells are not the major source of nucleosome-sized fragments of DNA and that, although they may contribute to the signal inducing apoptosis in cardiac cells, they are not the exclusive trigger. We next sought to identify the resident cardiac cell type undergoing apoptosis.
In situ nick end labeling has been used to detect apoptotic cells in tissue sections (29, 30) , although it cannot distinguish between the nucleosomal cleavage of apoptosis and the nonspecific DNA degradation of necrosis. However, it does provide valuable information about the tissue distribution and cell types undergoing cell death. Accompanying morphologic features of apoptosis versus necrosis are helpful when present, but DNA cleavage can occur in the absence of significant morphologic alterations (35) . We used in situ nick end labeling to demonstrate that myocytes are the predominant cell type with nucleosomal DNA fragmentation in ischemic/reperfused tissue. Some minor contribution of endothelial cells cannot be excluded, as one animal did show significant endothelial nuclear staining.
However in three of five reperfused animals nearly all the nicked DNA was in myocytes.
The nucleosomal DNA cleavage of apoptosis is attributed to an unique endonuclease (17, 21, 27, 36, 37) . Although several endonucleases have been identified and linked to apoptosis in a variety of cell types, to date neither apoptosis nor an associated endonuclease have been described in cardiac myocytes (21) . It will be important to identify endonuclease activity in cardiac myocytes during ischemia/reperfusion.
The EM studies were performed to look for ultrastructural nuclear changes distinctive of reperfusion. Two distinct morphologic patterns of chromatin condensation were observed. The pattern with variable density chromatin condensation (N3) was the predominant pattern in reperfused tissue. In the persistently ischemic tissue the N3 pattern was usually associated with contraction bands. Contraction bands are considered to be a marker for reperfused myocardium. The concordance of contraction bands with N3 nuclear pattern suggests that the N3 pattern occurs only in myocytes with a preserved or partially restored energy charge from perfusion. Apoptosis or programmed cell death is believed to be an energy-requiring process. In this regard, Entman and co-workers have found that reperfused (but not ischemic) canine cardiac muscle expresses de novo ICAM-1 message and protein (38) (39) (40) . Thus their studies and ours suggest that myocytes are undergoing specific energy-requiring processes after reflow. These same cells show other characteristics of dying cells, e.g., basic fuchsin positive staining, electron dense bodies in mitochondria, or contraction bands. Neither their studies nor ours provide quantitative measures. Quantitation of the extent of this reperfusion-specific process of apoptosis [or ICAM-1 induction in the studies by Kukielka et al. (40) ] is necessary to estimate the potential clinical importance. Nonetheless, identification of a reperfusion-specific injury process suggests that separation of reperfusion injury from ischemic injury will be possible in future studies.
Another interesting observation is the absence of apoptotic bodies in myocytes, despite evidence of chromatin condensation and nucleosomal ladders. One possibility is insufficient reperfusion time; we have only studied tissue out to 4 h and apoptotic bodies might become evident only at later times. In ischemic/ reperfused renal tissue apoptotic bodies in the epithelial cells were not apparent until 12 h of reperfusion (41) (42) . However, histologic studies on reperfused myocardium have never reported apoptotic bodies. It is possible that they were never really looked for at the appropriate time after reperfusion. A second possibility is that inflammatory cell activation in the area due to a necrotic neighboring myocyte alters the process of apoptosis. In previous studies of renal ischemia and reperfusion, evidence of apoptosis was seen on DNA electrophoresis. A nucleosomal ladder pattern was seen in both permanently occluded and reperfused renal tissue, but the ladder was somewhat obscured by a smear of nonspecific DNA degradation in the permanently occluded kidney (41, 42) . Apoptotic bodies in epithelial cells were seen by 12 h (42) .
Apoptosis can be induced in inflammatory cells by cytokines and various toxins including reactive oxidants (28, 43, 44) . De novo cell surface expression of the vitronectin receptors on neutrophils and lymphocytes has been shown to be a requirement for phagocytosis of apoptotic cells by macrophages (33) . One interesting implication of these findings for cardiac isch- (4, 12, 45, 46) . The occurrence of apoptosis in ischemic myocytes only if they are subjected to reperfusion suggests a reperfusion-specific process that could lead to delayed cell death. This hypothesis is consistent with the studies showing postischemic metabolic activity and late cell death. The free radical burst generated upon reperfusion could be one mechanism to trigger apoptosis. The relative contributions of apoptosis and necrosis to late, reperfusion-induced cell death in potentially viable myocytes remain to be determined. Apoptosis as a component of reperfusion injury is a process that is potentially preventable.
